Telomerase abrogation dramatically
accelerates TRF2-induced
epithelial carcinogenesis
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TRF2 is a telomere-binding protein with roles in telomere protection and telomere-length regulation. The fact
that TRF2 is up-regulated in some human tumors suggests a role of TRF2 in cancer. Mice that overexpress
TRF2 in the skin, K5TRF2 mice, show critically short telomeres and are susceptible to UV-induced
carcinogenesis as a result of deregulated XPF/ERCCI1 activity, a nuclease involved in UV damage repair. Here
we demonstrate that, when in combination with telomerase deficiency, TRF2 acts as a very potent oncogene
in vivo. In particular, we show that telomerase deficiency dramatically accelerates TRF2-induced epithelial
carcinogenesis in K5TRF2/Terc™/~ mice, coinciding with increased chromosomal instability and DNA damage.
Telomere recombination is also increased in these mice, suggesting that TRF2 favors the activation of
alternative telomere maintenance mechanisms. Together, these results demonstrate that TRF2 increased
expression is a potent oncogenic event that along with telomerase deficiency accelerates carcinogenesis,
coincidental with a derepression of telomere recombination. These results are of particular relevance given
that TRF2 is up-regulated in some human cancers. Furthermore, these data suggest that telomerase inhibition
might not be effective to cease the growth of TRF2-overexpressing tumors.
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Telomeres are heterochromatic regions at the ends of
chromosomes that consist of tandem TTAGGG repeats
and of associated proteins (Chan and Blackburn, 2002; de
Lange 2002; Garcia-Cao et al. 2004). The telomeric chro-
matin protects the single-stranded 3’ chromosome end
(G-strand overhang) from degradation and repair activi-
ties, and it is essential for chromosome stability (de
Lange 2005). Critical telomere shortening and loss of
function of telomere-binding proteins result in loss of
telomere protection, end-to-end chromosome fusions,
and cell cycle arrest or apoptosis (van Steensel et al.
1998; Goytisolo and Blasco 2002; de Lange 2005). Telo-
mere shortening is envisioned as a potent tumor suppres-
sor mechanism (Gonzilez-Sudrez et al. 2000; Blasco and
Hahn 2003; Blasco 2005). Telomerase activity, in turn, is
able to elongate telomeres in those cells where it is
highly expressed, such as the vast majority of human
cancers, and it is associated with cell immortalization
(Shay and Wright 2006). Mice that lack telomerase ac-
tivity show premature loss of organismal viability when
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their telomeres become critically short and are resistant
to cancer (Lee et al. 1998; Greenberg et al. 1999; Herrera
et al. 1999; Gonzdilez-Suérez et al. 2000), with the only
exception of p53-deficient genetic backgrounds (Chin et
al. 1999; Artandi et al. 2000).

The possibility that telomere-binding proteins could
play a role in cancer and aging is largely unexplored de-
spite their well-known roles in telomere regulation. In
particular, the telomere-binding protein TRF2 regulates
both telomere protection and telomere length (van
Steensel et al. 1998; Smogorzewska et al. 2000; Wang et
al. 2004; Celli and de Lange 2005; Munoz et al. 2005).
TRF2 also interacts with several DNA repair proteins
that are involved in human chromosomal instability
syndromes characterized by premature aging and in-
creased cancer (de Lange 2005; Munoz et al. 2006). In
particular, TRF2 interacts with Rapl, the WRN and BLM
helicases, the DNA-PK complex, the Mrell/Nbsl/
Rad50 complex, PARP1 and PARP2 poly(ADP)ribo-
sylases, and the ERCC1/XPF endonuclease, among oth-
ers (Li et al. 2000; Zhu et al. 2000, 2003; Opresko et al.
2002; Dantzer et al. 2004).

We have recently generated mice that overexpress
TRF2 under the 5'-regulatory region of the keratin 5 (K5)
gene, which targets TRF2 to various stratified epithelia
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including the skin (Mufioz et al. 2005). These mice de-
velop skin pathologies reminiscent of the human Xero-
derma pigmentosum (XP) syndrome. These pathologies
include skin hyperpigmentation and increased UV-in-
duced skin cancer, which are accompanied by severe
telomere shortening and increased chromosomal insta-
bility (Mufioz et al. 2005). TRF2-induced telomere short-
ening and chromosomal instability are mediated by XPF,
a nuclease involved in UV-damage repair that is mutated
in XP patients (de Laat et al. 1999; Petit and Sancar 1999).
These findings specifically link TRF2 function in vivo to
UV-damage repair and UV-induced carcinogenesis. In
agreement with this notion, human skin carcinomas
show elevated levels of hTRF2 (Murioz et al. 2005).

Of notice, TRF2 is overexpressed in several other hu-
man tumors, such as breast carcinomas, liver hepatocar-
cinomas, and lung carcinomas (Matsutani et al. 2001; Oh
et al. 2005), suggesting a general role of TRF2 in tumori-
genesis. Here, we demonstrate that increased TRF2 ex-
pression acts as a potent oncogenic insult in vivo. In
particular, we show that K5TRF2 mice develop both
spontaneous and carcinogen-induced epithelial tumors.

The fact that K5TRF2 mice show increased cancer in
spite of having critically short telomeres is in marked
contrast to telomerase-deficient mice with short telo-
meres, which are resistant to skin carcinogenic treat-
ments (Gonzilez-Suarez et al. 2000). To elucidate the
mechanisms by which TRF2 promotes tumorigenesis,
we generated K5TRF2 mice in a telomerase-deficient ge-
netic background, K5TRF2/Terc’~ mice. Here, we show
that increased TRF2 expression in the absence of telom-
erase activity results in a dramatic acceleration of epi-
thelial carcinogenesis coinciding with increased telo-
mere dysfunction and chromosomal instability. Interest-
ingly, telomeric recombination and ALT (alternative
telomere maintenance mechanism)-associated PML bod-
ies (APBs) were significantly increased by TRF2 overex-
pression, suggesting the activation of alternative telo-
mere maintenance pathways in these mice. Together,
the results presented here indicate that TRF2 overex-
pression acts as a potent oncogenic insult in vivo
through the induction of severe chromosomal instability
and the activation of telomere recombination. These ef-
fects of TRF2 are shown to be independent of telomerase
activity, suggesting that telomerase inhibition may not
be effective in the treatment of tumors with high levels
of TRF2 expression.

Results

TRF2 acts as a potent oncogene in vivo in a skin
model of multistage carcinogenesis

To study the impact of increased TRF2 expression in
epithelial tumor formation, we used a classical model of
chemically induced skin multistage carcinogenesis
based in tumor initiation using a single dose of 7,12-
dimethylbenz(a)anthracene (DMBA) and tumor promo-
tion with two weekly doses of 12-O-tetradecanoylphor-
bol 13-acetate (TPA) during 15 wk (Materials and Meth-
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ods) (Balmain et al. 1984). K5TRF2 mice developed
significantly more papillomas than wild-type mice
(p <0.001) (Fig. 1A), and K5TRF2 papillomas grew to big-
ger lesions than wild-type papillomas (Fig. 1A). K5TRF2
mice also showed a higher mortality compared with
wild-type controls (log rank test, p = 0.05) (Fig. 1B). A
detailed histopathological analysis of the sacrificed mice
revealed increased preneoplastic and neoplastic skin le-
sions in treated K5TRF2 mice compared with wild-type
littermates (Fig. 1C). Together, these results indicate
that TRF2 overexpression is oncogenic in the DMBA/
TPA skin carcinogenesis model.

Telomerase deficiency accelerates loss of viability
and spontaneous epithelial carcinogenesis
in K5TRF2/Terc™'~ mice

To study the impact of telomerase in TRF2-induced car-
cinogenesis in vivo, we obtained increasing generations
of K5TRF2 mice in a telomerase-deficient (Terc™/~) back-
ground, K5TRF2/Terc”/~ mice (Fig. 2A). Single Terc™/~
mice showed decreased survival due to premature loss of
viability with increasing mouse generations (G1 to G3),
as previously described (Fig. 2A; Lee et al. 1998; Herrera
et al. 1999; Gonzilez-Sudrez et al. 2000; Blasco 2005;
Garcia-Cao et al. 2006). K5TRF2/Terc™'~ mice showed an
even lower survival than the single Terc”/~ mice for ev-
ery mouse generation (G1 to G3; log rank test, p = 0.05
for all comparisons) (Fig. 2A). This lower survival coin-
cided with an increase incidence of tumors, severe skin
atrophies, and infections in K5TRF2/Terc™/~ mice at the
time of death, which were not present to the same extent
in the single Terc/~ controls, whose main cause of death
was atrophies of the small intestine (Supplementary Fig.
1). To address whether this lower survival of K5TRF2/
Terc™/~ mice compared with Terc™/~ mice was associated
with a further telomere shortening (Mufioz et al. 2005),
we measured telomere length using quantitative fluores-
cence in situ hybridization (Q-FISH) on skin sections
from the tail (Materials and Methods). K5TRF2 mice
showed shorter telomeres than wild-type controls as pre-
viously described (Student’s t-test, p < 0.0001) (Fig. 2B;
Muioz et al. 2005). Increasing generations (G2 and G3) of
K5TRF2/Terc™'~ mice showed shorter telomeres than the
corresponding Terc™’~ mice (Student’s t-test, p < 0.0001
for all comparisons) (Fig. 2B) and K5TRF2 controls (Stu-
dent’s t-test, p <0.0001 for all comparisons) (Fig. 2B,
demonstrating a further shortening of telomeres as the
result of TRF2 overexpression in the absence of telom-
erase. Of notice, third-generation K5TRF2/G3Terc™’/~
mice did not show further shortening of telomeres com-
pared with second-generation K5TRF2/G2Terc”/~ mice
(Fig. 2B), in spite of telomerase deficiency for one extra
generation. Instead, these mice showed very intense
telomere fluorescence signals, which were not present in
second-generation K5TRF2/G2Terc™'~ mice (Fig. 2B). We
confirmed these results by using Southern-based “termi-
nal restriction fragment” (TRF) analysis (Materials and
Methods). As shown in Figure 2C, K5TRF2/G3Terc™'~
mice showed the appearance of higher-molecular-weight
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Figure 1. K5TRF2 mice are more susceptible to multistage carcinogenesis protocols. (A) Average number of papillomas per mouse at
the indicated times after the start of DMBA/TPA treatment. The treatment was interrupted at week 15 (arrow). The time at which the
first lesions appeared is also indicated. n = number of mice of each genotype. Statistical comparisons using the Wilcoxon-Mann-
Whitney rank sum test of papilloma number and size between wild-type and K5TRF2 mice during the 30-wk duration of the
experiment are indicated. (B) Survival of DMBA + TPA-treated wild-type and K5TRF2 mice. Statistical significance of the difference
in survival between genotypes using the log rank test is indicated. (C) Percentage of wild-type and K5TRF2 mice showing the indicated

skin lesions after full histopathological analysis.

TRF fragments compared with earlier generation G1 and
G2 K5TRF2/Terc”’~ mice, suggesting the presence of
longer telomeres in K5TRF2/G3Terc™~ mice.

Along with their decreased survival and shorter telo-
meres, K5TRF2/Terc”’~ mice showed more severe skin
pathologies compared with K5TRF2 and Terc™/~ controls,
including complete hair loss, massive skin hyperpigmen-
tation, and the presence of very large skin wounds,
which corresponded to necrotic skin ulcerations (Fig.
2D). These results suggest that degenerative skin pa-
thologies produced by TRF2 overexpression are further
aggravated by telomere shortening in the absence of
telomerase activity.

Next, we studied spontaneous tumors with increasing
K5TRF2/Terc™/~ generations compared with K5TRF2 and
Terc™/~ controls. In particular, we studied preneoplastic
and neoplastic lesions in the skin, the esophagus, and the
nonglandular stomach, where the K5 promoter is ex-
pressed (Murillas et al. 1995; Gonzailez-Sudrez et al.
2001, 2002). As previously described by us, K5TRF2
transgenics showed an increased incidence of preneo-
plastic (hyperplasia, dysplasia) and neoplastic (squamous
cell carcinoma, SCC) lesions in the skin (Fig. 2EF;
Munoz et al. 2005), and of benign lesions (hyperplasia) in
the nonglandular stomach and the esophagus (Fig. 2E,F).
Interestingly, G1 to G3 K5TRF2/Terc™'~ mice developed
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more tumoral lesions in the different stratified epithelia
than single Terc/~ and K5TRF2 controls (Fig. 2E,F). Fur-
thermore, the onset of SCC in the skin and the nonglan-
dular stomach was accelerated with increasing genera-
tions of K5TRF2/Terc”’~ mice compared with single
K5TREF2 controls, as shown by the presence of SCC le-
sions in young G2 and G3 K5TRF2/Terc™/~ mice at their
time of death (Fig. 2G). These lesions were rarely devel-
oped by the corresponding Terc”/~ controls (Fig. 2G;
Supplementary Fig. 1). These results indicate that TRF2
increased expression is a potent oncogenic insult that
along with telomerase deficiency and dysfunctional telo-
meres dramatically accelerates epithelial carcinogenesis.
It is important to note that TRF2 overexpressing mice
and p53-deficient mice (Chin et al. 1999; Artandi et al.
2000) are the only two known situations where severe
telomere dysfunction in the absence of telomerase does
not act as a tumor suppressor mechanism but instead
accelerates carcinogenesis.

Telomerase deficiency dramatically accelerates
UV-induced epithelial carcinogenesis in K5TRF2 mice

The early onset of epithelial tumors with increasing gen-
erations of K5TRF2/Terc”’~ mice compared with single
Terc™”’~ and K5TRF2 controls suggests a contribution of
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Figure 2. Decreased survival, severe skin lesions, and accelerated carcinogenesis in K5TRF2/Terc™/~ mice. (A) Survival of mice of the
indicated genotype as a function of age. Statistical significance of the differences in survival using the log rank test is indicated. (B)
Telomere fluorescence as determined by Q-FISH in skin sections of the indicated genotypes. Between 45 and 100 keratinocyte nuclei
and 500-2000 telomere dots from one to two mice of each genotype were analyzed by Q-FISH. Average fluorescence in arbitrary units
(auf) and standard error are shown. Statistical significance is indicated for each comparison. Telomere fluorescence values should be
compared within each experiment due to variations in fluorescence intensity between experiments. (C) Telomere length as determined
by TRF in adult skin keratinocytes of the indicated genotypes. Note increased TRF size in third-generation K5TRF2/G3Terc™/~ mice
compared with earlier K5TRF2/Terc™/~ generations. (D) Quantification of skin pathologies, as well as representative examples, in G1
to G3 K5TRF2/Terc”~ mice and the K5TRF2 and G1 to G3 Terc™/~ controls. (E) Percentage of mice of the indicated genotype showing
preneoplastic (hyperplasia, dysplasia) and neoplastic lesions (SCC) in different stratified epithelia at the time of death. Frequency of
skin ulcers in sacrificed mice is higher than that shown in D since we only included moribund mice, while D shows the incidence of
lesions in all the mouse cohort including healthy animals. (F) Representative examples (40x magnification) of the indicated preneo-
plastic and neoplastic lesions in stratified epithelia from K5TRF2/G2Terc™'~ mice. The image corresponding to “skin dysplasia” shows
irregular growth pattern with hyperkeratosis, squamous cell hyperplasia, hyperchromatic nuclei, and prominent nucleoli. The image
corresponding to a “skin SCC” shows nests of squamous cells with invasive growth of the dermis, as well as numerous mitotic figures
and nuclear atypias. The image corresponding to a “nonglandular stomach SCC” shows endophytic evidence of invasive growth of the
muscularis mucosae, with some hyperchromatic cells with prominent nucleoli and numerous mitotic figures. The “esophagus”
dysplasia shows diffuse thickening of the squamous epithelium and dysplastic basal cell proliferation. Note that in SCC, the tumoral
cells interrupt the basal membrane in both the skin and the nonglandular stomach. (G) Onset of SCC with age in increasing
generations of K5TRF2/Terc”/~ mice and the K5TRF2 and Gl to G3 Terc™/~ controls. Each rectangle represents a mouse. White
rectangles indicate mice without SCC at the time of death; black rectangles indicate mice with one or more SCC at the time of death.
The number in parentheses indicates the number of SCC of independent origin per mouse. The upper graph summarizes SCC in skin
and nonglandular stomach; parentheses indicate the number of independent SCC per mouse in different locations.

both telomerase deficiency and dysfunctional telomeres G1Terc’~) compared with K5TRF2 controls. To this end,
to TRF2-induced tumorigenesis. Next, we studied we subjected K5TRF2/G1Terc’~ and K5TRF2 mice to a
whether telomerase deficiency per se also cooperated chronic UV-irradiation protocol previously shown to in-
with TRF2 overexpression in accelerating tumorigenesis duce tumors in K5TRF2 mice (Mufioz et al. 2005). Con-
in young animals from the first generation (K5TRF2/ trol K5TRF2 mice developed papillomas at week 14 after
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the start of treatment, which continued to grow in num-
ber and size during the following weeks (Fig. 3A). In ad-
dition, K5TRF2 mice developed SCC starting at week 20
(Fig. 3B), which eventually resulted in decreased survival
of the mouse cohort compared with wild-type controls
(log rank test, p < 0.0105) (Fig. 3D; Munoz et al. 2005).
Absence of telomerase in K5TRF2/G1Terc™’~ mice re-
sulted in accelerated UV-induced carcinogenesis, with
all K5TRF2/G1Terc”/~ mice developing SCC as early as 6
wk after the start of treatment in the absence of previous
papilloma development (Fig. 3C). Furthermore, K5TRF2/
GI1Terc”/~ mice showed a decrease survival compared
with wild-type and K5TRF2 controls, with all K5TRF2/
G1Terc”/~ mice dead at week 26 after the start of treat-
ment due to large tumors (log rank test, p < 0.0001 for
both comparisons) (Fig. 3D). Detailed histopathology of
skin lesions in the sacrificed mice revealed different
stages of skin carcinogenesis ranging from pretumoral
lesions and benign tumors to SCC and basal cell carci-
nomas (BCC), with 100% of K5TRF2/GI1Terc”/~ mice
showing SCC at the time of death (Fig. 3E). The in-
creased UV-induced carcinogenesis shown by K5TRF2/
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GI1Terc™”’~ mice, together with the earlier onset of spon-
taneous tumors in these mice compared with single
K5TRF2 mice, strongly supports the notion that telom-
erase deficiency accelerates TRF2-induced epithelial car-
cinogenesis.

TRF2 overexpression in the absence of telomerase
increases chromosomal instability and DNA damage

We showed previously that K5TRF2 keratinocytes have
increased end-to-end fusions coincidental with critically
short telomeres (Munoz et al. 2005). In addition, K5TRF2
cells show increased chromosomes with multiple telo-
mere signals at the ends, extrachromosomal telomere
signals, and chromosomes with interstitial telomeres
(Fig. 4A,B; Munoz et al. 2005). To address the possible
involvement of telomerase and short telomeres in these
chromosomal aberrations, we performed cytogenetic
analysis of keratinocytes derived from K5TRF2, G1 and
G3 Terc/~, K5TRF2/G1Terc™-, as well as wild-type
mice using Q-FISH (Materials and Methods). End-to-end
fusions lacking TTAGGG signals at the fusion point
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Figure 3. Telomerase deficiency accelerates UV-induced carcinogenesis in KSTRF2/Terc™/~ mice compared with K5TRF2 controls. (A)
Total number of papillomas per mouse in K5TRF2 mice after chronic UVB irradiation. (B) Number of carcinomas per mouse in K5TRF2
mice after chronic UVB irradiation. (C) Number of carcinomas per mouse in K5TRF2/Terc™/~ mice after chronic UVB irradiation. (D)
Survival curve of chronically irradiated K5TRF2/Terc™/~ and K5TRF2 cohorts. All irradiated K5TRF2/Terc™'~ mice were dead at week
26 after the start of the treatment due to large skin tumors, while control K5TRF2 mice showed longer survival. The statistical
significance of differences in survival using the log rank test is indicated. (E) Percentage of K5TRF2/G1Terc™’~ and K5TRF2 mice
showing the indicated skin lesions at time of death after full histopathological analysis. Of notice, 100% of K5TRF2/Terc”~ mice

presented SCC lesions at the time of death.
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were dramatically increased in K5TRF2/G1Terc™'~ cells
compared with single K5TRF2 and G1 Terc”/~ controls
(Fig. 4A,B), in agreement with shorter telomeres in these
cells (Fig. 2C). As a control for critically short telomeres,
G3 Terc™/~ cells also showed increased end-to-end fu-
sions lacking telomere signals at the fusion point com-
pared with wild-type cells (Fig. 4A), suggesting that these
fusions are produced by telomere shortening. In contrast,
the occurrence of multiple telomere signals at chromo-
some ends (multitelomeric signals), of extrachromo-
somal telomere signals, as well as the presence of inter-
stitial telomeres, was similarly elevated in K5TRF2/
G1Terc”~ and K5TRF2 cells but not in G3 Terc/~ cells
with short telomeres (Fig. 4A), suggesting that they were
the consequence of increased TRF2 expression. These
results indicate that TRF2 is a potent inducer of chro-
mosomal instability. On one hand, TRF2 induces telo-
mere shortening and end-to-end fusions, which are fur-
ther increased in combination with telomerase defi-
ciency. In addition, TRF2 overexpression induces

extrachromosomal telomeres, interstitial telomeres, and
multitelomic signals at chromosome ends, which are in-
dependent of telomere length and telomerase activity.
These findings suggest a model of TRF2-induced tumori-
genesis in which TRF2 increased expression induces se-
vere telomere dysfunction and chromosomal instability
that are further aggravated in the absence of telomerase.

To address whether dysfunctional telomeres and chro-
mosomal instability in K5TRF2/Terc™/~ mice contribute
to TRF2-induced carcinogenesis, we quantified the pres-
ence of yH2AX foci in skin tumors from G2 and G3
K5TRF2/Terc™/~ mice compared with nontumoral sec-
tions from the same animals. Dysfunctional telomeres
have been previously shown to form yH2AX DNA dam-
age foci (d’Adda di Fagagna et al. 2003; Takai et al. 2003),
a hallmark of double-strand breaks (DSB) (Modesti and
Kanaar 2002). We have previously shown that single
K5TRF2 mice show elevated levels of yH2AX DNA foci
in the skin compared with wild-type mice (Muiioz et al.
2005). In agreement with this, normal skin from G2 and
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G3 K5TRF2/Terc”’~ mice showed increased yH2AX
DNA foci compared with wild-type skin (Fig. 5A), and
this was further increased in G2 and G3 K5TRF2/Terc™/~
tumors (p < 0.001 for comparisons between normal skin
and SCC) (Fig. 5A,B). We previously showed that yH2AX
foci in K5TRF2 overexpressing cells colocalize with the
TRF1 telomeric protein, suggesting that they correspond
to short/dysfunctional telomeres (Munoz et al. 2005). In
accordance with this, skin cells positive for yH2AX
DNA foci showed shorter telomeres than yH2AX-nega-
tive cells (Fig. 5C), supporting the idea that these foci
were the result of telomere shortening and severe telo-
mere dysfunction (Munoz et al. 2005). Furthermore, in
agreement with increased DNA damage in K5TRF2/
Terc”’~ tumors, we detected an increase in anaphase
bridges both in spontaneous and UV-induced K5TRF2/
Terc™'~ tumors compared with the normal surrounding
tissue (Supplementary Fig. 2).

The fact that yH2AX foci were increased in TRF2-in-
duced tumors indicates the activation of a DNA damage
response in these tumors in response to telomere dys-
function. In this regard, it has been previously shown
that TRF2 can bind and inhibit ATM (Karlseder et al.
2004; Bradshaw et al. 2005). To address this in our skin
model, we have studied the ATM DNA damage signaling
pathway (ATM phosphorylation, ATM-P; Chk2 phos-
phorylation, Chk2-P; p53 amounts) in K5TRF2 keratino-
cytes before and after treatment with ionizing radiation
to activate this pathway (Fig. 5D,E). In addition, we have
measured p53 levels by confocal immunofluorescence in
normal and tumoral tissue from different generation
K5TRF2/Terc”’~ mice (Supplementary Fig. 3a-d). We
found a normal activation of the ATM DNA damage
signaling pathway as indicated by ATM-P, Chk2-P, and
p53 accumulation in K5TRF2 cells in response to ioniz-
ing radiation (Fig. 5D,E), as well as a normal expression
of these factors in the absence of irradiation in keratino-
cytes (Fig. 5D,E). Furthermore, quantification of p53 lev-
els by confocal immunofluorescence in G2 and G3
K5TRF2/Terc™'~ spontaneous tumors, as well as in the
normal surrounding skin, showed that p53 levels are in-
creased in normal skin from G2 and G3 K5TRF2/Terc™/~
mice compared with skin from wild-type and G2 Terc™/~
single mutant controls (Supplementary Fig. 3a-d), in
agreement with shorter telomeres and increased telo-
mere damage in these mice. Tumoral tissue from the
same mice showed variable levels of p53 expression
compared with the normal surrounding tissue (Supple-
mentary Fig. 3a-d). In particular, two out of four
K5TRF2/Terc™’~ tumors showed decreased p53 compared
with the normal surrounding tissue, while the other tu-
mors maintained p53 expression, suggesting a possible
alteration of p53 function in some K5TRF2/Terc™/~ tu-
mors. Together, these results suggest a normal DNA
damage response to short telomeres as well as to direct
ionizing radiation in K5TRF2 mice and cells. These re-
sults are in agreement with previous observations from
our group showing that TRF2-overexpressing skin kera-
tinocytes showed a normal sensitivity to +y-irradiation
(Mufioz et al. 2005). It is possible that TRF2 may have

TREF?2 is a potent oncogene in vivo

differential effects on DNA damage signaling in human
and mouse cells, or that its effects may vary depending
on the cell type (Karlseder et al. 2004; Bradshaw et al.
2005).

Together, these results suggest increased DNA dam-
age in TRF2-induced tumors.

TRF2 overexpression induces recombination
between telomeric sequences

The fact that K5TRF2/Terc”/~ mice develop tumors in
the absence of telomerase activity and in the presence of
very short and dysfunctional telomeres raises the possi-
bility that TRF2 overexpression could be favoring the
activation of ALT in these mice (Dunham et al. 2000;
Muntoni and Reddel 2005). In order to test this, we first
determined telomere length in spontaneous SCC from
K5TRF2/G2 Terc™'~ mice and in the normal surrounding
tissue using Q-FISH (Materials and Methods). As ex-
pected, telomeres were shorter in normal skin from
K5TRF2/G2Terc”’~ mice compared with single G2
Terc™/~ controls (Student’s t-test, p < 0.0001) (Fig. 6A,B).
Interestingly, K5TRF2/G2Terc™’~ tumors (SCC) showed
very intense telomere fluorescence signals, which were
not present to the same extent in the normal surround-
ing tissue (Fig. 6A,B). In particular, the percentage of
telomere signals above 1200 U of telomere fluorescence
was increased to 2.6% and 2.7 % in the tumors compared
with ~1% in the normal surrounding tissue (red line in
Fig. 6A indicates telomeres with >1200 U of arbitrary
fluorescence; see arrows in Fig. 6B). The presence of very
intense telomere fluorescence signals in the tumors in
the absence of telomerase is consistent with activation
of ALT mechanisms in these tumors. Furthermore, these
results are in agreement with the elongated telomeres
observed both by TRF and Q-FISH in late-generation
K5TRF2/Terc™'~ mice (Fig. 2B,C).

One of the known molecular bases of ALT involves
increased recombination between telomeric sequences
(Dunham et al. 2000). Therefore, we determined whether
increased TRF2 expression unleashed recombination
events at telomeres in K5TRF2 mice. To measure recom-
bination events at telomeres, we determined the fre-
quency of telomeric sister-chromatid exchange events
(T-SCE) in primary keratinocytes from different geno-
type mice using two-color chromosome orientation FISH
(CO-FISH) (Bailey et al. 2004; Bechter et al. 2004;
Gonzalo et al. 2006). The strand-specific nature of the
CO-FISH typically yields two telomeric signals of each
color (red: lagging; green: leading) per chromosome in the
absence of recombination events (Fig. 7A,C). A sister-
chromatid exchange within telomeric DNA (T-SCE)
leads to the mixture of red and green fluorescence (Fig.
7A). We only counted as positive T-SCE events those
that were detected both with the leading and the lagging
telomere probes (Fig. 7C,D). Interestingly, K5TRF2 and
K5TRF2/G1Terc™'~ cells showed increased T-SCE com-
pared with wild type (p < 0.0001 in both cases), and to G1
and G3 Terc”/~ controls (p < 0.0001 in both cases) (Fig.
7B), suggesting increased recombination between sister
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Figure 6. Presence of very intense telomere fluorescence signals in K5TRF2/G2Terc™’~ tumors compared with normal surrounding
tissue. (A) Quantification of telomere fluorescence in tumor sections (SCC) from two independent K5TRF2/G2Terc™/~ mice compared
with their normal surrounding skin. As control, telomere length of normal skin from G2Terc™/~ mice was also determined. More than
50 nuclei and >700 telomere signals from each genotype and condition were analyzed by Q-FISH. Average fluorescence in arbitrary
units (auf) and standard error are shown. The percentage of telomere signals with >1200 auf are also indicated with a red line. Statistical
significance is indicated for each comparison. The tumoral tissue showed the presence of very intense telomere fluorescence signals,
which were not present in the normal surrounding tissue. (B) Representative images of telomere fluorescence in normal skin and
tumor sections from the indicated mice. The basal layer of skin keratinocytes is indicated with an arrow and separated from the dermis
by a white lane. White arrows indicate very intense telomere signals within the tumoral tissue. Magnification is 100x.

telomeres associated with increased TRF2 expression.
Two-color CO-FISH also revealed that the extrachromo-
somal telomere signals present in K5TRF2 and K5TRF2/
Terc™/~ cells always involved telomeres produced by lag-
ging-strand synthesis (Fig. 7C,D), suggesting that they
may involve a specific mechanism related to lagging-
strand processing. In this regard, TRF2 could be inducing
the conversion of T-loops into extrachromosomal circles
(Wang et al. 2004), which, in turn, could be generated or
maintained by mechanisms involving lagging-strand
synthesis. Of notice, the presence of extrachromosomal
telomeres has also been associated with activation of the
ALT pathway (Muntoni and Reddel 2005), in agreement
with increased T-SCE in K5TRF2 and K5TRF2/Terc™/~
cells. Finally, CO-FISH showed that end-to-end fusions
and multitelomeric signals in K5TRF2-overexpressing
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cells involved both leading- and lagging-strand telomeres
(Fig. 7D).

Another landmark of ALT is the colocalization of PML
with telomeres, the so-called APBs (Muntoni and Reddel
2005). As shown in Figure 7E, we detected a significant
increase in the percentage of cells showing APBs in two
independent K5TRF2 keratinocyte cultures compared
with wild-type controls (p < 0.05 in both cases) (Fig. 7E).
Furthermore, K5TRF2 cells showed an increased number
of colocalization events per nuclei than wild-type con-
trols (p = 0.03 in both cases) (Fig. 7E).

Together, these results demonstrate a role for TRF2 in
controlling telomere recombination. In particular, TRF2
overexpression results in increased features of ALT (in-
creased T-SCE, increased APBs, increased extrachromo-
somal telomere signals, and heterogeneous telomere
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length), which, in turn, may be contributing to telomere
maintenance in the absence of telomerase in the
K5TRF2/Terc™’~ tumors.

Discussion

TRF2 is a key regulator of telomere protection and telo-
mere length (van Steensel et al. 1998; de Lange 2002,
2005; Celli and de Lange 2005; Munoz et al. 2005), two
processes that are essential for chromosomal stability. In
addition, TRF2 interacts with several DNA repair fac-
tors, as well as DNA damage signaling proteins, most of
which are involved in human chromosome instability
syndromes characterized by premature aging and in-
creased cancer (Li et al. 2000; Zhu et al. 2000, 2003;
Opresko et al. 2002; Dantzer et al. 2004; Blasco 2005). In
the past, we have demonstrated that increased TRF2 ex-
pression leads to premature skin aging and increased
skin tumors in areas exposed to the light, pinpointing a
specific role for TRF2 in UV-induced damage repair and
UV-induced tumorigenesis. However, the fact that TRF2
is overexpressed in a variety of cancers (skin, lung, liver,
breast) (Matsutani et al. 2001; Muiioz et al. 2005; Oh et
al. 2005) suggested a more general role of TRF2 in carci-
nogenesis.

Here, we show that TRF2 overexpression acts as a po-
tent oncogene in vivo by inducing epithelial carcinogen-
esis, both spontaneously as well as in response to carci-
nogenic treatments. These results go in line with recent
findings suggesting that TRF2 loss of function reduces
the tumorigenicity of human malignant cell lines (Biroc-
cio et al. 2006). Furthermore, we show that telomerase
deficiency dramatically accelerates epithelial carcino-
genesis induced by TRF2 overexpression concomitant
with critically short telomeres, severe telomere dysfunc-
tion, and increased chromosomal instability. In agree-
ment with this, TRF2-induced tumors showed increased
anaphase bridges as well as increased yYH2AX foci com-
pared with the normal surrounding tissue. In addition,
G2 and G3 K5TRF2/Terc”'~ mice show increased levels
of p53 expression compared with wild-type controls, sug-
gesting the activation of normal DNA damage signaling
in response to dysfunctional telomeres. In support of
this, TRF2-overexpressing keratinocytes show a normal
activation of the ATM pathway (ATM-P, Chk2-P, p53
accumulation) in response to direct y-irradiation. These
results are in agreement with previous data from our
group showing a normal sensitivity of K5TRF2 cells to
y-irradiation (Mufioz et al. 2005), and suggest that in-
creased tumorigenesis in G2 and G3 K5TRF2/Terc™’/~
mice is not likely to be initiated by cancellation of the
ATM pathway as a consequence of TRF2 overexpression
(Karlseder et al. 2004; Bradshaw et al. 2005). Finally, G2
and G3 K5TRF2/Terc™/~ tumors showed variable p53 lev-
els, which were maintained or decreased compared with
the normal surrounding tissue, suggesting a possible al-
teration of p53 function in these tumors (Chin et al.
1999; Artandi et al. 2000). Together, these results indi-
cate that TRF2 overexpression in the absence of telom-
erase promotes carcinogenesis by inducing telomere dys-
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function and chromosomal instability. Finally, our re-
sults indicate that TRF2-induced tumors do not depend
on telomerase activity, as epithelial carcinogenesis is ac-
celerated in a telomerase-deficient background.

The fact that K5TRF2/Terc™/~ tumors rapidly arise in
the context of very short telomeres and telomerase defi-
ciency suggests the activation of alternative telomere
maintenance mechanisms in TRF2 mice. In support of
this notion, third-generation K5TRF2/G3Terc”’~ mice
did not show further telomere shortening compared with
second-generation K5TRF2/G2Terc™/~ cohorts as deter-
mined both by Q-FISH and TRF analysis in spite of an
additional mouse generation in the absence of telomer-
ase. Furthermore, K5TRF2/G2Terc”’~ tumors showed
the presence of very intense telomere fluorescence sig-
nals, which were absent in the normal surrounding tis-
sue, suggesting the activation of telomere-lengthening
mechanisms in these tumors. In this regard, we demon-
strate here a role for full-length mouse TRF2 in control-
ling recombination between telomeric sequences, which
may go in line with previous findings showing that a
dominant-negative mutant of human TRF2 (A-B TRF2)
modulates the action of recombination factors at telo-
meres (Wang et al. 2004), thus supporting a general role
for TRF2 in recombination. In particular, TRF2 overex-
pression in K5TRF2 and K5TRF2/Terc”/~ mutant cells
significantly increased recombination events between
sister telomeres, a known mechanism for telomere
maintenance in the absence of telomerase activity. In
addition, K5TRF2-overexpressing cells show a higher fre-
quency of APBs, as well as increased extrachromosomal
telomere signals, both of which have been also associ-
ated with ALT-positive cells. These results demonstrate
that TRF2 overexpression unleashes recombination
events at telomeres, and therefore may contribute to de-
repress ALT pathways. Our results do not rule out, how-
ever, that TRF2 may be inducing recombination through
interaction with other components of the telomere, such
as Potl or WRN, recently shown to be involved in telo-
mere recombination (Laud et al. 2005; Wu et al. 2006).

Our results support a model in which TRF2 increased
expression induces telomere shortening and chromo-
somal instability, both of which are further aggravated in
the absence of telomerase. In addition, TRF2 overexpres-
sion leads to derepression of ALT. The combination of
both severe chromosomal instability and derepression of
telomere recombination may explain, at least in part, the
oncogenic effects of TRF2 overexpression. Together,
these findings highlight an important role for TRF2 in
chromosomal instability-driven carcinogenesis and indi-
cate that TRF2-induced tumors might be refractory to
therapeutic strategies based in telomerase inhibition.

Materials and methods

Generation and genotyping of mice

K5TRF2 mice were previously described (Mufioz et al. 2005). To
generate KSTRF2/Terc”/~ mice, K5TRF2 males from the PM line
were first crossed with Terc”/~ females (Blasco et al. 1997).



K5TRF2/Terc”/~ mice were then obtained by crossing wild-type
TRF2/Terc*’~ males with K5TRF2/Terc*’~ females. Genotyping
was performed as described (Blasco et al. 1997; Munoz et al.
2005).

Mouse breeding and housing

Mouse colonies of successive generations (Gl to G3) of
K5TRF2/Terc”~ mice, and the corresponding K5TRF2 and
Terc™/~ controls were generated and maintained at the CNIO
under specific-pathogen-free conditions in accordance with the
recommendations of the Federation of European Laboratory
Animal Science Associations. All mice at the CNIO mouse fa-
cility are exposed to day/night cycles (12 h of light and 12 h of
dark). The light source used at the CNIO mouse facility is white
fluorescent lamps (TLD 36W/840 and TLD 58W/840; Philips),
which also emit low doses of radiation between 250 and 400 nm
and have a component of UV light.

Histopathology and immunohistochemistry

Skin sections were fixed in 10% buffered formalin embedded in
paraffin wax, sectioned at 4 pm and stained with hematoxylin
and eosin (H&E). Images were captured with a DP-10 digital
camera in an Olympus Vanox microscope at the indicated mag-
nifications.

Immunohistochemistry was performed on deparaffinated
skin sections processed with 10 mM sodium citrate (pH 6.0) for
20 min at 95°C. Phosphorylated H2AX foci were detected using
a mouse monoclonal anti-phospho-histone H2AX antibody
(1:500; from Upstate Biotechnology). After incubation with
Cy3-goat anti-mouse antibody (1:400; Jackson ImmunoRe-
search Laboratories, Inc.) for 30 min at room temperature, slides
were mounted in Vectashield with 4’,6-diamino-2 phenylindole
(DAPI). Control slides were obtained by replacing the primary
antibody with PBS (data not shown). Images were obtained us-
ing a confocal ultra-spectral microscope (Leica TCS-SP2-A-OBS-
uv).

Tumor induction experiments

Thirteen age-matched (8- to 12-wk-old) mice of each genotype,
K5TRF2 and wild type, respectively, were shaved and treated
with a single dose of DMBA (0.1 pg/uL in acetone; Sigma). Mice
were subsequently treated twice weekly with TPA (12.5 pg in
200 uL of acetone each treatment; Sigma) for 15 wk.

Telomere length analyses on skin sections

For qQ-FISH, paraffin-embedded skin sections were deparaf-
finated and hybridized with a PNA-telomeric probe, and telo-
mere fluorescence was determined as described (Gonzilez-
Suérez et al. 2000; Mufoz et al. 2005). More than 45 keratino-
cyte nuclei from each mouse and condition were captured at
100x magnification by using a Leica CTR MIC microscope and
a COHU High-Performance CCD camera. Telomere fluores-
cence was integrated using spot IOD analysis in the TFL-TELO
program (kindly provided by Dr. P. Landsdorp, Terry Fox Labo-
ratory, Vancouver, Canada) (Zijlmans et al. 1997).

For quantification of telomere length in cells positive or nega-
tive for yH2AX foci, yYH2AX immunofluorescence was per-
formed as described above, images were captured at 100x mag-
nification using a Leica CTR MIC microscope and a COHU
High-Performance CCD camera, and the image coordinates
were saved. Q-FISH analysis was then performed on the same
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tissue sections and telomere fluorescence was captured in cells
with the same coordinates.

Isolation of epidermal keratinocytes from adult mice

Skin from the tail and back was removed surgically by making
a longitudinal incision. Adult skin keratinocyes were isolated
basically as described (Dlugosz et al. 1995; Munoz et al. 2005).
The skin was cut into 3- to 4-cm? pieces, placed on autoclaved
filter paper (Whatman 3MM), and then floated on 1x trypsin
(Sigma) for 2-3 h at 37°C for tail skin and 16 h at 4°C for back
skin. The skin was then placed on a dry sterile surface with 4
mL of serum-free Cnt-02 medium (CELLnTEC Advanced Cell
Systems AG), and the epidermis was separated from the dermis
using forceps. The epidermis was then minced, and the cell
suspension was filtered using a nylon gauze (Cell Strainer 0.7 m;
Falcon) to remove cornified sheets. Keratinocytes were recov-
ered after centrifugation at 312g for 5 min and frozen for further
analysis of telomere length by TRF analysis.

TREF-based telomere length analysis of adult keratinocytes

Isolated adult epidermal keratinocytes (see above) were in-
cluded in agarose plugs following instructions provided by the
manufacturer (Bio-Rad), and TRF analysis was performed as pre-
viously described (Blasco et al. 1997).

Chronic UVB carcinogenesis experiments

The back skin of 6- to 7-wk-old male mice (10 of each genotype)
was shaved with electric clippers and irradiated three times per
week with UVB at a dose of 1.8 kJ/m? per exposure during a
total of 30 wk. Scoring for tumors was done once a week. Mice
were sacrificed when they showed signs of poor health. Differ-
ent skin sections were fixed in 10% buffered formalin, embed-
ded in paraffin, and subjected to full histopathological analysis.

Isolation and culture of keratinocytes from newborn mouse
skin

Skin keratinocyes were isolated as described (Dlugosz et al.
1995; Munoz et al. 2005). Newborn mice (0-2 d) were sacrificed,
soaked in Betadine (5 min), in a PBS antibiotics solution (5 min),
in 70% ethanol (5 min), and again in a PBS antibiotics solution
(5 min). Using aseptic conditions, limbs and tails were first
amputated and then the skin was peeled off using forceps. Skins
were then soaked in PBS (2 min), PBS antibiotics solution (2
min), 70% ethanol (1 min), and again in PBS antibiotics solution
(2 min). Each skin was carefully floated on the surface of 1x
trypsin (Sigma) solution (4 mL on 60-mm cell culture plate) for
no more than 16 h at 4°C. Skins were individually transferred to
a sterile surface, and the epidermis was separated from the der-
mis using forceps, minced, and stirred at for 30 min 37°C in
serum-free Cnt-02 medium (CELLnTEC; Advanced Cell Sys-
tems AG). The cell suspension was then filtered through a ster-
ile Teflon mesh (Cell Strainer 0.7 m; Falcon) to remove cornified
sheets. Keratinocytes were collected by centrifugation (160g) for
10 min and seeded on collagen I precoated cell culture plates
(BD Biosciences).

Cytogenetics analysis using telomere Q-FISH on metaphases

Exponentially growing primary keratinocytes were incubated
with 0.1 pg/mL colcemide (GIBCO) for 5 h at 37°C and then
fixed in methanol:acetic acid (3:1). Q-FISH was performed as
described (Samper et al. 2000). Images were captured in a linear
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acquisition mode using a COHU CCD camera on a Leica DMRB
microscope. For analysis of chromosomal aberrations, at least
30 metaphases per genotype were analyzed by superimposing
the telomere image on the DAPI image using the TFL-telo soft-
ware.

v-Irradiation of primary skin keratinocytes and mice

A total of 4 x 10° keratinocytes were seeded in 60-mm collagen
I precoated plates and incubated for 24 h at 37°C. For y-irradia-
tion, we used a '*’Cs source (MARK 1-30 irradiator; Shepherd &
Associates) at a rate of 2.11 Gy/min. After removing the me-
dium, cells were washed, and fresh medium was added. To ana-
lyze the effect of y-irradiation on protein expression, cells were
incubated for 4 h at 37°C and then recovered and frozen for
further analysis by Western blot.

Two age-matched (3- to 6-mo-old) mice of each of the indi-
cated genotypes were treated with 20 Gy of y-irradiation. Two
nonirradiated mice of each genotype were used as control. Three
hours after irradiation, mice were sacrificed, and after shaving
the back, the skin was removed surgically, cut into 1- to 2-cm?
pieces, and immediately frozen in liquid nitrogen and conserved
at -80°C.

Western blots

Whole-cell extracts were prepared from primary keratinocytes
as described (Munoz et al. 2005). Back skin was homogenized in
lysis buffer (50 mM Tris at pH 8, 5 mM EDTA, 350 mM NaCl,
and 0.5% NP-40), containing proteases and a cocktail of phos-
phatase inhibitors by using an ULTRA-TURRAX homogenizer
(IKA-Werker). The homogenates were centrifuged for 15 min at
4°C, and whole-cell extracts were recovered from supernatants.
Protein concentration was determined using the Bio-Rad DC
Protein Assay (Bio-Rad). Twenty-five micrograms to 70 ng of
each extract was separated in 4%-20% gradient SDS-polyacril-
amide gels by electrophoresis. After transfer, the membranes
were incubated with an anti-ATM pS1981 polyclonal antibody
(1:1000; Rockland Inc.), anti-chk2 monoclonal antibody (1:1000;
Upstate Biotechnology), anti-p53 polyclonal antibody CM5
(1:500; Novocatra Laboratories Ltd), and anti-B-actin monoclo-
nal (1:10.000; Sigma). Antibody binding was detected after in-
cubation with a secondary antibody coupled to horseradish per-
oxidase using enhanced chemiluminescence.

Quantification of p53 expression by confocal
immunofluorescence

High-throughput quantitative image analysis of p53 expression
levels was performed on confocal images using the Metamorph
platform (version 6.3r6; Molecular Devices). The DAPI image
was used to define the nuclear area and the Cy3 image for quan-
tification of p53 fluorescence. The DAPI images were signal-
intensity thresholded, segmented, and converted to 1-bit binary
images. The binary DAPI mask was applied to the matching
Cy3 to obtain a combined image with p53 fluorescence infor-
mation for each nucleus. Cy3 fluorescence intensity (p53 fluo-
rescence) was measured as “average gray values” units (arbitrary
units of fluorescence). A code of four colors was used to classify
the nuclei according to their average p53 fluorescence. p53 fluo-
rescence ranges were determined using the p53 staining of a
P53/~ skin as a negative control. Finally, p53 fluorescence val-
ues for each histological region were exported to Excel, and the
frequency histograms were generated.

Telomere recombination measurements using CO-FISH

Exponentially growing primary keratinocytes were subcultured
in the presence of 5'-bromo-2’-deoxyuridine (BrdU; Sigma) at a
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final concentration of 1 x 107> M, and then allowed to replicate
their DNA once for 36 h at 37°C. Colcemid was added at a
concentration of 1 pg/mL during the last hour. Cells were then
recovered and metaphases were prepared as described (Samper
et al. 2000). CO-FISH was performed as described (Bailey et al.
2004; Gonzalo et al. 2006) using first a (TTAGGG), probe la-
beled with Cy3 and then a second (CCCTAA), probe labeled
with Rhodamine Green (Applied Biosystems). Metaphase
spreads were captured on a Leitz Leica DMRB fluorescence mi-
croscope. The exposure time in K5TRF2 and K5TRF2/Terc™/~
keratinocytes was increased compared with wild type in order
to be able to detect telomere signals due to the short telomeres
present in these genotypes.

Confocal PML immunofluorescence-FISH experiments

Keratinocytes (5 x 10%) were fixed for 20 min at 4°C with 4%
PFA in PBS and permeabilized with 0.1% Triton X-100 in PBS
for 7 min at room temperature. After blocking with 10% BSA (in
PBS) for 20 min at 37°C, cells were incubated with rabbit anti-
mouse PML polyclonal antibody (gift from Paul Freemont, Can-
cer Research UK, London, UK) diluted 1/1000 in blocking solu-
tion overnight at 4°C. After washing twice with 0.05% Triton
X-100 in PBS for 5 min, cells were incubated with a secondary
goat anti-rabbit IgG conjugated with Alexa 488 and diluted
1/300 in blocking solution for 1 h at room temperature. After
immunostaining, telomeric FISH was performed as described
(Samper et al. 2000) with minor modifications. Briefly, slides
were fixed for 2 min in 4% formaldehyde, dehydrated in ethanol
series (70%, 90%, and 100%), and air-dried. Hybridization with
cy3-labeled telomeric PNA probe was performed as described
(Samper et al. 2000). After hybridization, slides were washed
twice with 50% formamide, 10 mM Tris (pH 7.2), and 0.1% BSA
for 15 min, followed by three washes with 0.1 M Tris, 0.15 M
NaCl (pH 7.5), and 0.08% Tween 20 for 5 min. Slides were then
dehydrated with ethanol series and air-dried. Finally, slides were
counterstained with DAPI (0.2 pg/mL) in Vectashield (Vector
Laboratories). Images were captured in a confocal microscope
(Leica TCS SP2) and analyzed by the Leica confocal software.

Statistical analysis

A t-student test with “two-tails,” “two samples of unequal vari-
ance” (or Welch’s correction) was used to calculate the statisti-
cal significance of the observed differences in telomere length.
Microsoft Excel version 2001 and Graphpad Instat version 3.05
were used for the calculations.

To calculate the statistical significance of differences in fre-
quency of chromosomal aberrations and T-SCE, we used the x>
test. The “two-sided p values” were obtained from a 2 x 2 con-
tingency table analyzed by x* test (including Yates’ continuity
correction). GraphPad Instat version 2.03 was used for the cal-
culations.

A Fisher’s exact test was used to calculate statistical differ-
ences in the percentage of cells showing H2AX foci, APBs, ana-
phase bridges, p53 expression, as well as the pathologies shown
in Figure 2E.

The Wilcoxon-Mann-Whitney rank sum test was used for sta-
tistical comparisons of papilloma number and size between
wild-type and K5TRF2 mice, as well as for the histograms of p53
abundance in Supplementary Figure 3.

Finally, a log rank test was used to calculate statistical dif-
ferences in survival of the different mouse cohorts.
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